Abstract: We propose a compact fluorescence sensing scheme based on hollow core Bragg fibers (HCBFs) that simultaneously serve as a sample cell, a collector, and a delivery channel for the desired fluorescence, as well as a filter for the residual excitation light mixed with fluorescence. The liquid samples filled in the air core are laterally irradiated by the excitation light for the spatial separation from fluorescence. Both the photonic bandgap (PBG) effect in the common HCBF (C-HCBF) and the transverse resonant behavior in the defect HCBF (D-HCBF) can be employed for filtering the residual excitation light mixed with fluorescence. The performance of the fluorescence sensing scheme strongly depends on the characteristics of PBG and modal loss for both types of HCBFs. According to the design principle, we present the design strategies of C-HCBF and D-HCBF for fluorescence sensing, respectively. Two typical examples are demonstrated to confirm the feasibility of our proposed fluorescence sensing scheme. We believe that our proposal would provide a new way to build a compact fluorescence sensing system.
Introduction
Fluorescence sensing is an attractive detection technique for qualitative or quantitative chemical and biological analysis. Due to its merits of high sensitivity, strong selectivity, and wide dynamic range, fluorescence sensing technique has great potential for applications in medicine, biochemistry, environmental monitoring, and food security [1] , [2] . Therefore, it is urgently needed to build a compact and highly sensitive fluorescence sensing system. In recent years, the substitutions of laser diodes (LDs) and light emitting diodes (LEDs) for bulky lamps and solid-state lasers as excitation sources partly contribute to miniaturizing fluorescence sensors [3] - [5] . Further, various fiber-type waveguides with small size and flexibility also play a significant role in simplifying fluorescence detection systems.
To avoid using bulky coupling devices, multimode silica fibers were placed closely against samples for directly delivering excitation light or collecting fluorescence [6] . However, the fluorescence capture efficiency is restricted by the numerical aperture, and the detection sensitivity is limited by the large background noise originating from silica cores. For these reasons, a hollow core photonic crystal fiber (HCPCF) probe was proposed for highly sensitive fluorescence sensing, in which a polystyrene microsphere was used for coupling of excitation light and fluorescence [7] . In fact, HCPCF can simultaneously act as a sample cell, a delivery channel for excitation light, and a collector for fluorescence. The excitation light directly irradiates liquid samples previously injected into the hollow core using selective-filling technique, and then the generated fluorescence propagates in the core relying on photonic bandgap (PBG) effect [8] . In addition, samples can be filled into the holey cladding and interact with excitation light via the evanescent field [9] . Similarly, microstructured silica and polymer fibers were also employed for fluorescence sensing [10] , [11] , in which samples in air holes were excited by the evanescent field of excitation light, and the emitted fluorescence could be guided either in the cladding or in the core. However, it was experimentally demonstrated that HCPCFs are more suitable for highly sensitive fluorescence detection than microstructured fibers relying on evanescent-field effect [12] . To enhance the sensitivity of evanescent-field-based detection, several types of suspended core microstructured fibers were proposed [5] , [13] . Recently, liquid core waveguides (LCWs) based on glass and polymer capillaries were widely employed in microfluidic capillary electrophoresis analysis for fluorescence detection [3] , [14] , [15] . Generally, liquid samples were irradiated by the excitation light passing through the lateral wall of LCWs, and the collected fluorescence was trapped in the liquid core with the aid of total internal reflection (TIR). Thus, the excitation light and fluorescence can be separated spatially without dichroic mirrors. However, in most of the existing fluorescence sensing schemes, discrete filters or monochromators were still required to eliminate the residual excitation light mixed with fluorescence for improving signal to noise ratio (SNR). In particular, the LCW needs to be packaged in a lightproof tube for shielding background light [15] . Thus, we are motivated by the aforementioned issues to further simplify the fluorescence sensing schemes.
Hollow core Bragg fibers (HCBFs), regarded as a special class of PBG fibers, can guide light in an air core using one-dimensional PBG (1DPBG) effect [16] . With an omnidirectional reflecting cladding, HCBFs can strongly confine light from all incidence angles and polarizations in the core [17] . As a result of their novel guiding mechanism and excellent transmission performance, HCBFs have attracted increasing interest in the fields of trace-gas detection and biochemical sensing [18] - [26] . A conventional HCBF intrinsically has the characteristic of wideband band-pass filter due to the PBG effect. On the other hand, with a defect layer introduced into a common cladding, the HCBF would perform narrow band-rejection filtering as a result of the transverse resonant (TR) behavior [27] . Thus, HCBFs have great potential for further miniaturizing the fluorescence detection system, because of their ability as a filter to replace bulky filters or monochromators in conventional systems. Moreover, because the multilayer claddings of HCBFs are generally formed by solid materials (except for all-silica and polymer ones [20] , [28] ), the sophisticated pretreatment of cladding holes in HCPCFs (e.g., selective-filling treatment [8] ) before injecting liquid analyte into the hollow core is needless. Unlike LCWs based on TIR, light still can be guided in the liquid-filled core of an HCBF even with lower refractive index than that of the cladding. All the performance characteristics mentioned above show that HCBFs are more suitable than HCPCFs and LCWs for building a compact fluorescence sensing system.
In the present paper, we propose a compact fluorescence sensing scheme based on HCBFs. Both the PBG effect and the TR behavior are used as the filtering mechanism for the residual excitation light mixed with fluorescence. According to the design principle and strategies, two typical design examples are presented to validate the feasibility of our proposed fluorescence sensing scheme. Fig. 1(a) schematically shows the cross section of a common HCBF (C-HCBF). A hollow core with the refractive index of n c and diameter of d c is coaxially surrounded by a common 1-D periodic cladding (1DPC) composed of alternating layers with high and low refractive indices (denoted by n h and n l , respectively). The high-index layers with thickness of t h are marked in black, and the lowindex layers with thickness of t l are marked in light gray. The cladding period of is the sum of t h and t l . For a fixed , t h and t l are determined by the quarter-wave stack condition at glancing incidence ( [29] ). Notably, the thicknesses of the innermost and outermost high-index layers are t h /2 for suppressing surface modes [30] . The outermost dark gray area represents a protective thick layer with the same refractive index as n l .
Model and Method

Theoretical Model
The introduction of a defect layer into a common 1DPC can be realized by varying the thickness of a high-index or low-index layer, or by adding a layer with another material. In practice, if the defect layer is made of a different material, it is difficult to make its optical, thermal, and mechanical properties compatible with those of high-index and low-index layers. Thus, for simplicity, here the transverse resonant structure is formed by introducing a defect layer with a thickness of t d and a refractive index of n d = n l , as shown in Fig. 1(b) . The TR behavior is induced by the interaction between guided modes and defect modes, which would influence the dispersion and loss characteristics of guided modes [27] , [31] , [32] . Accordingly, the transmission spectra of an HCBF with a defect layer (D-HCBF) show the evident performance of band-rejection filtering. The central wavelength of such a band-rejection filter (i.e., the resonant wavelength of defect modes) based on the D-HCBF is determined by both the thickness and location of the defect layer [27] .
Considering that the As 2 S 3 with high-index and polyetherimide (PEI) with low-index have been successfully employed for HCBFs in the targeted visible band [19] , [30] , in the following sections we will carry out the simulations for both types of HCBFs using this material combination. With the exclusion of material dispersion, their refractive indices are set to be n h = 2.582 and n l = 1.685, respectively [19] .
Simulation Method
As demonstrated in our previous work, we calculate the PBG structure of HCBFs using the transfer matrix method (TMM) [33] . The coaxial cladding of a C-HCBF can be regarded as a group of ternary unit cells. The characteristic matrix for the jth unit cell is given by
where δ h = πn h t h cos θ h /λ and δ l = 2πn l t l cos θ l /λ. η q = n q cos θ q and η q = n q / cos θ q are for the transverse electric (TE) and transverse magnetic (TM) waves, respectively, and q represents h or l. θ h and θ l denote the incidence angles in the high-index and low-index layers, respectively. λ is the free space wavelength. The total characteristic matrix of M for the cladding of a C-HCBF can be written as
where N is the period number. Similarly, given that the low-index defect is inserted into the N d th unit cell, the total characteristic matrix of M for the cladding of a D-HCBF can be written as
In (3), the characteristic matrix of M N d is given by
where
are for the TE and TM waves, respectively. θ d is the incidence angles in the defect layer.
For an incidence angle of θ i n in the air core, the reflectivity of R s,p (θ i n ) from the coaxial cladding can be expressed as
where s and p represent the TE and TM waves, respectively. m 11 , m 12 , m 21 , and m 22 are the elements of M . η cor e = n c cos θ i n and η out = n l cos θ out are for the TE waves, while η cor e = n c / cos θ i n and η out = n l / cos θ out are for the TM waves, where θ out is the refraction angle in the outermost layer. For a given incidence angle, the relation between the reflectivity and wavelength can be achieved from (5) . Then the PBG is determined by the wavelength range for the reflectivity not less than 99% [34] . The transmission loss characteristics of both C-HCBF and D-HCBF are also very important for demonstrating our proposed HCBF-based fluorescence sensing scheme. Similarly to the previous works [20] , [24] , we focus our attention on the predominant confinement losses (CLs) of both types of HCBFs, which can be calculated by the ray-optics method (ROM). Although it cannot provide the dispersion relations and modal distributions of both core and defect modes, the ROM has advantages of much higher calculating speed and more reduced memory consumption over the finite difference time domain method and finite element method (FEM), and thereby is more suitable for rapid analysis and design of large-core HCBFs [35] . Based on the ROM, the CL is given by [36] 
where θ z = cos −1 (λU mn /(πd c n c )), and U mn is the n-th root of the (m-1) order of Bessel function. R (θ z ) = R s (θ z ) and R (θ z ) = R p (θ z ) are for the pure TE and TM modes with m = 0, respectively.
is for the mixed modes with m = 0. Fig. 2 shows the schematic configuration of the HCBF-based fluorescence sensing scheme. The liquid analyte containing fluorescent substance is injected into port A of the hollow core of an HCBF (C-HCBF or D-HCBF) using capillary action. The injected solution expands several centimeters in the axial direction, which is indicated by the shaded area. The output end of an excitation light source lies so closely against the lateral surface of the HCBF that the excitation light can pass through the multilayer cladding and stimulate the fluorescent solution. To ensure more excitation light entering the liquid-filled core, it is better to strip the protective layer by using etching techniques (e.g., wet chemical etching or reactive ion etching [37] ) in advance. Notably, this pretreatment is not necessary, because the excitation light still can be injected into the core even with the protective layer. When its wavelength is within the PBG range, the generated fluorescence can be well confined in the core, and then it can propagate along the fiber axis until the distal end (port B shown in Fig. 2 ) connecting a photodetector (PD) or an optical spectrum analyzer (OSA). To collect more forward fluorescence at port B, a mirror is placed at port A to reflect the backward fluorescence back into the core. As can be seen from Fig. 2 , the orthogonality in directions guarantees the spatial separation of the excitation light from the fluorescence. Notably, in contrast with sensing schemes based on hollow core waveguides, our proposed fluorescence sensing scheme is more compact due to the lack of bulky devices for filtering the residual excitation light. This structural difference is attributed to the fact that both the C-HCBF based on the PBG effect and the D-HCBF based on the TR behavior can serve as an inline fiber filter. In addition, in contrast with noise cancellation requirements for LCWs, special preventive measures against the noisy background light are not needed for both types of HCBFs, because they have thick non-transparent claddings.
Configuration and Design Principle
Generally speaking, in our proposed fluorescence sensing scheme, both the C-HCBF and D-HCBF can simultaneously serve as a sample cell, a collector and a delivery channel for the desired fluorescence, and a filter for the residual excitation light. Consequently, the performance of such a scheme strongly depends on the transmission characteristics of both types of HCBFs. More specifically, for compact and highly sensitive fluorescence sensing, the structural parameters of HCBFs should be optimally designed to enable their PBG and modal loss characteristics to meet the four requirements listed below.
First, to ensure that more excitation light can favorably penetrate the multilayer cladding of HCBFs and interact with the fluorescent substance, the excitation wavelength (denoted by λ E ) should fall outside of the PBG range at normal incidence. Here, for simplicity, it is assumed that the excitation light is normally incident on the lateral surface of the cladding. Notably, this assumption would be accurate for LDs with a very small divergent angle but might bring some errors for LEDs with the divergent angle of dozens of degrees.
Second, to enhance the capture efficiency for the chaotic fluorescence in various directions and to reduce the transmission loss, the fluorescence wavelength (denoted by λ F ) should fall within the omnidirectional PBG (OPBG) range of HCBFs.
Third, given that the wavelength interval between excitation light and fluorescence is large enough, λ E should fall outside of the PBG ranges for both TE and TM waves at glancing incidence, or at least lie at both PBG edges. Under these conditions, the excitation light would have much higher loss than the fluorescence because of the PBG effect so that the residual excitation light mixed with the desired fluorescence would gradually disappear in a C-HCBF before getting to port B.
Fourth, given that the wavelength interval between excitation light and fluorescence is small, the TR behavior needs to be used for filtering the residual excitation light, in which λ E should be consistent with the resonant wavelength. Under this condition, the noisy excitation light would suffer from a sharp increase in losses and thereby be lost during the forward transmission in a D-HCBF.
The first and second conditions are essential for coupling the excitation light, and collecting and delivering the fluorescence, respectively. The third and fourth conditions are crucial for C-HCBF serving as a band-pass filter and for D-HCBF serving as a band-rejection filter, respectively. It is well known from the literature that high sensitivity can be achieved primarily by enhancing the interaction of excitation light with fluorescent substance [12] , [13] , by increasing the fluorescence capture efficiency [7] , [12] , [13] , and by reducing the disturbance of noisy signals including residual excitation light mixed with fluorescence [5] , [12] , [14] . Therefore, the presented four requirements for HCBFs are potentially useful for improving the sensitivity. For a given material combination of claddings, the PBG structure of the HCBF is determined by the thicknesses of high-index and lowindex layers. Consequently, the adjustment of PBG ranges can be conveniently realized by varying the values of t h and t l . However, the influence of the defect layer on the modal loss characteristics still deserves further discussion, as the foundation for filtering in the D-HCBF-based fluorescence sensing scheme.
Band-Rejection Filtering Characteristics
The confinement loss of the fundamental HE 11 mode depends on both TE and TM components, of which the latter is dominant. Thus, in contrast to the previous work that considered TE 01 mode [27] , here we focus on the loss evolution of the much more representative HE 11 mode with the defect layer in a D-HCBF. Fig. 3(a) shows the loss spectrum of the HE 11 mode in a D-HCBF with d c = 60 μm, = 160 nm, t d = 2t l , N d = 3, and N = 7. For comparison, the loss spectrum of the HE 11 mode in a C-HCBF with d c = 60 μm, = 160 nm, and N = 7 is also shown in Fig. 3(a) . As we can see from this figure, the introduction of the defect layer gives rise to a wide loss peak at 563.4 nm and a narrow one at 548.2 nm in the low-loss transmission window of the HE 11 mode. According to the bandwidth of loss peaks, we define the wide one as the main peak (MP), and the narrow one as the secondary peak (SP). This result is quite different from that obtained for the TE 01 mode, in which case only one loss peak exists [27] . To validate the correctness of simulation results calculated by the ROM, we recalculate the confinement losses using the FEM as shown in Fig. 3(a) , which indicating a good agreement between them.
The modal loss characteristics of the mixed HE 11 mode is essentially determined by the reflection characteristics of TE and TM waves from the coaxial cladding of the D-HCBF. To understand the reasons for the emergence of MP and SP mentioned above, we plot the reflectivity as a function of wavelength for TE and TM waves at the characterized incidence angle of θ z = 89.6
• in Fig. 4 . It can be seen that two reflectivity dips (A and B) with central wavelengths of 548.2 nm and 563.4 nm occur for TE and TM waves, respectively. Compared with the loss spectrum of the HE 11 mode (dashed line), the central wavelength of SP (denoted by λ SP ) is identical to that of dip A for TE waves, and the central wavelength of MP (denoted by λ M P ) is identical to that of dip B for TM waves. In fact, the dependence of MP on the reflection characteristic of the TM waves is attributed to the dominant influence of TM components on the transmission of the HE 11 mode [29] . For further illustration, the loss spectra of the TE 01 and TM 01 modes in the D-HCBF are also shown in Fig. 3(b) and (c), respectively. The TE 01 mode, as well as the TM 01 mode, has just one loss peak, which agrees well with that shown in [27] . In addition, the central wavelengths of the TE 01 and TM 01 modes are the same as those of dip A and B, respectively, due to the fact that the transmission characteristics of pure TE or TM modes are solely dependent on the reflections of TE or TM waves, respectively.
The confinement losses of guided modes can be reduced effectively by increasing N , as a result of the enhancement of reflectivity for TE and TM waves from the multilayer cladding. However, the influence of N on the reflectivity enhancement for TE waves is different from that for TM waves. Fig. 5 shows the ratio between the loss values of MP and SP (denoted by CL M P and CL SP , respectively) as a function of N in a D-HCBF with d c = 60 μ m, = 160 nm, t d = 2t l , and N d = 3. As can be seen from this figure, the ratio of CL M P /CL SP increases with increasing N for a given N d , and the slope of the curve initially increases and then decreases with N . The increase of ratio with N is approximately linear for N ranging from 18 to 23. Thus, we can conclude that the influence of increasing N on the reflectivity enhancement is stronger for TE waves than for TM waves, indicating that the SP of the HE 11 mode would be effectively suppressed by increasing N . As shown in the inset in Fig. 5 , the SP is significantly reduced for N = 20, compared with its value for N = 10. Notably, both λ M P and λ SP do not change with N for a given N d . According to the design principle mentioned in Section 3, the loss peak would be used for filtering the residual excitation light and the longer wavelength range with low transmission loss would be used for delivering the desired fluorescence. Therefore, the improvement of SNR strongly depends on increasing the difference between the peak loss for excitation light and the lower loss for fluorescence. To quantify this contrast, we resort to the ratio of C = CL M P /CL min , where CL min is the minimum loss in the longer range than the MP. The reason for selecting CL M P for this ratio rather than CL SP is that most guided modes including the pure TM and mix modes would suffer from great transmission losses at λ M P . As we can see from Figs. 5 and 6, λ M P cannot be changed by varying N and d c . However, the values of C listed in Tables 1 and 2 can be changed by using both methods, respectively. We can see that the values of C initially increase and then decrease with increasing N , indicating that an optimum value of N exists for the maximum value of C. In contrast, the values of C increase monotonously with increasing d c .
Next, we will examine the influence of thickness of the defect layer on the loss characteristics of the HE 11 mode. On the left of point A, λ M P is longer than λ SP , and the difference between them decreases with increasing t d . In contrast, on the right of point A, λ M P is shorter than λ SP , and the difference between them increases with increasing t d . The intersection of both curves indicates the agreement between λ M P determined by TM reflections and λ SP determined by TE reflections. In this case, all the pure TE and TM modes, and mixed modes with the approximate θ z would have high transmission loss at the same wavelength. Such a result has great practical significance for designing the HCBF-based fluorescence sensing system. Because both C-HCBF and D-HCBF used for fluorescence sensing are the large-core multimode fibers, their modal content is sophisticated for the residual excitation light transmitting in the air core. Although most higher-order modes can easily be filtered due to their huge losses [29] , a few lower-order modes with similar θ z (very close to 90°in the large core) can survive. To overcome this complexity, the matching condition of λ M P = λ SP should be satisfied. Note that two neighboring high-index layers with the thickness of t h can be regarded as a highindex defect layer with the thickness of 2t h , which is shown in Fig. 7(a) in the case of t d = 0. It can be seen that the high-index defect layer can also induce the TR behavior, which is no longer detailed. We can conclude from Figs. 7 and 8 that the agreement of λ M P and λ SP could be realized by optimizing the value of d c or N d , but the results from both methods are distinguishable. As shown in Fig. 7(a) and (b) , when λ M P = λ SP , both wavelengths corresponding to CL min (around 615 nm) are outside of the OPBG ranging from 567 to 611 nm. In contrast, as shown in Fig. 8 , the wavelength corresponding to CL min (around 592 nm) is well within the OPBG range in the case of λ M P = λ SP . According to the second condition of the design principle mentioned in Section 3, the optimization of N d for λ M P = λ SP is preferred to that of d c . However, as listed in Table 3 , the ratio of C = CL M P /CL min decreases with increasing N d (N d > 2) , indicating that the realization of λ M P = λ SP in this case would be at the cost of decreasing the SNR.
Most notably, once λ M P agrees with λ SP by using those two approaches for the given values of t h /t l and t d /t l , both wavelengths would constantly stay the same for any value of . Similar to the PBG, the same peak wavelength can also scale up with , which is a significant rule for the design of D-HCBF-based band-rejection filter with different central wavelengths.
Design Examples for Fluorescence Sensing
In the visible range, the material dispersion of As 2 S 3 and PEI cannot be neglected [19] , which is a key issue in practical design of HCBFs. Based on the curves shown in [19] , the refractive indices of As 2 S 3 and PEI as a function of wavelength ranging from 400 to 800 nm are, respectively, expressed as
where A (7) and (8), λ is in microns. Fig. 9(a) shows the influence of material dispersion on the loss spectra of HE 11 mode in a C-HCBF with d c = 200 μm, = 160 nm, and N = 12. The low-loss transmission window for the HE 11 mode becomes narrower as a result of including material dispersion, which is attributed to the PBG narrowing induced by the material dispersion [19] . As can be seen from Fig. 9(a) , the original OPBG ranging from 567 to 611 nm (indicated by the line segment AB) decreases to that ranging from 570 to 607 nm (indicated by the line segment CD) with the material dispersion included. In both cases, the OPBG is regarded as the overlapped wavelength range in the reflectivity spectra of TM waves at θ i n = 0
• and θ i n = 85
• , which was illustrated in [33] . As shown in Fig. 9(b) , a similar comparison of loss spectra of the HE 11 mode is carried out for a D-HCBF with d c = 200 μm, = 160 nm, t d = 2t l , N d = 3, and N = 12. The influence of material dispersion results in red-shifts for both λ M P and λ SP , with shifts of 5.6 nm and 8.8 nm, respectively. In addition, the usable low-loss transmission range on the right of the loss peaks is also narrowed when the material dispersion is included. Thus, in the practical design of both C-HCBFs and D-HCBFs for fluorescence sensing, it is required to consider the influence of material dispersion on the PBG structure and the transmission characteristic of guided modes.
In accordance with the design principles established in Section 3, we present the design strategies using both C-HCBFs and D-HCBFs for a compact fluorescence sensing scheme. Further, we demonstrate the useful design examples for both types of HCBFs in two practical cases of fluorescence sensing.
The design strategy of C-HCBFs for fluorescence sensing is as follows: First, an initial value of is determined by the agreement of central wavelengths for the fluorescence and OPBG, with the resulting value defined as i . Second, check whether λ E is outside of the PBG range at normal incidence, and simultaneously is outside or at least on the edge of the PBG range at glancing incidence for both TE and TM waves. If these criteria are satisfied, the initial i can be set as the final value of . Otherwise, the initial i needs to be finely adjusted using the rule of PBG structure scaling up with , until the criteria are satisfied.
As demonstrated experimentally in [5] , when the rhodamine 6G solution is excited by an LD with the central wavelength of 452 nm, the excited fluorescence has a central wavelength of 575 nm. In view of the large wavelength interval between the excitation light and fluorescence, we demonstrate Fig. 10(a) shows the reflectivity spectrum as a function of the wavelength and incidence angle for TM waves in the designed C-HCBF. As marked by the pair of white lines, the OPBG ranges from 558 to 595 nm, with the central wavelength at 576.5 nm, which is slightly longer than the targeted 575 nm due to the material dispersion. It can be seen from Fig. 10(a) that λ E is well outside of both the PBG at normal incidence (558 to 706 nm) and the PBG for TE and TM waves at glancing incidence (480 to 644 nm and 510 to 595 nm, respectively). The loss spectra of the HE 11 , TE 01 and TM 01 modes are shown in Fig. 10(b) , whose confinement losses at 575 nm are 3.68 × 10 −5 dB/m, 5.02 × 10 −10 dB/m, and 1.87 × 10 −4 dB/m, respectively. Although the losses for the three modes at λ F are much lower than those at λ E , they are still higher than their respective values of CL min . The further reduction of modal losses at λ F can be achieved by increasing . However, the red-shift of OPBG induced by increasing may result in the fluorescence band partly moving outside of the OPBG range, which would reduce the fluorescence capture efficiency. Thus, for the maximum fluorescence signal detected by the PD or OSA, we should make a tradeoff between enhancing capture efficiency and reducing transmission loss by optimizing the value of .
The design strategy of D-HCBFs for fluorescence sensing is as follows: First, the setting of the initial i is the same as that for the C-HCBF design mentioned above. Second, check whether λ E is outside of the PBG range at normal incidence for both TE and TM waves. If the criterion is satisfied, i can be set as the final value of . If not, the rule of PBG structure scaling up with is used to finely adjust i until the criterion is satisfied. Finally, the parameters of the defect layer are determined by the agreement of central wavelengths for the loss peak and excitation light. As mentioned above, λ M P of the fundamental HE 11 mode should be identical to λ SP , so that all the surviving guided modes including pure TE and TM modes and mixed modes can have the maximum losses at the same wavelength. However, it is extremely difficult to ensure that λ F is within the OPBG range and simultaneously ensure that λ E is in accordance with both λ M P and λ SP . In particular, the red-shifts of λ M P and λ SP induced by material dispersion are not the same, which results in an increased difficulty of satisfying the matching requirement of λ M P = λ SP . Accordingly, in the practical fiber design, the parameter setting for the defect layer is mainly concerned with the agreement between λ M P and λ E , while λ SP should be as close to λ E as possible. This approach can enable most guided modes (except for pure TE modes) to be filtered due to high transmission losses.
As demonstrated experimentally in [38] , the rhodamine 6G solution is excited by an LD pumped solid-state laser with the central wavelength of 532 nm, resulting in the fluorescence with the central wavelength of 556 nm. The interval between excitation and fluorescence wavelengths is so small that the PBG effect cannot serve for filtering the residual excitation light mixed with fluorescence. N = 20, in which the loss spectra of the HE 11 , TE 01 and TM 01 modes are shown in Fig. 11 . It can be seen that both the HE 11 and TM 01 modes have the same loss peak at 532.1 nm, slightly differing from that at 531.6 nm for the TE 01 mode. The fluorescence wavelength of 556 nm falls well within the OPBG ranging from 538 to 577 nm. Accordingly, we can conclude that the designed D-HCBF is suitable for the targeted fluorescence sensing. We note that the filtering ability is sufficient in the D-HCBF-based fluorescence sensing scheme using LD as the excitation source. However, it would be restricted in the sensing scheme using broadband LED, because the narrow bandwidth of loss peak in the D-HCBF might not cover the wide excitation spectrum.
In general, as the key element of our proposed scheme, the multifunctional HCBFs tend to be designed for a specific sensing case. Otherwise, the performance of the HCBF-based fluorescence sensing scheme would be reduced. However, both the PBG structure and modal loss characteristic of HCBFs can be adjusted via multiple degrees of freedom, including n h , n l , n d , d c , t h , t l , t d , N d , and N , which will provide sufficient opportunities to design the desirable HCBFs. According to the current fabrication ability [30] , the designed HCBFs can be easily available after the determination of suitable parameters.
Conclusion
We have proposed a compact fluorescence sensing scheme using C-HCBF or D-HCBF as a sample cell, a collector, and a delivery channel for the desired fluorescence, and a filter for the residual excitation light mixed with fluorescence. The excitation light with wavelength outside of the PBG range at normal incidence can stimulate samples through the multilayer cladding of HCBFs. For the enhancement of capture efficiency, the fluorescence wavelength should fall within their OPBG range. The residual excitation light mixed with fluorescence can be filtered by using the PBG effect in C-HCBFs and the TR behavior in D-HCBFs. The relationship between the defect layer and modal loss characteristics in D-HCBFs are discussed in detail, which determining the filtering performance for improving the SNR. Additionally, the influences of material dispersion on the PBG structure and modal characteristics are considered in the practical design of HCBFs. Accordingly, the design strategies of C-HCBF and D-HCBF for fluorescence sensing are presented, respectively. Finally, we demonstrated two typical design examples to confirm the feasibility of our proposed fluorescence sensing scheme.
